This review focusses on cross-modal plasticity resulting from visual deprivation. This is viewed against the background of task-specific visual cortical recruitment that is routine during tactile tasks in the sighted and that may depend in part on visual imagery. Superior tactile perceptual performance in the blind may be practice-related, although there are unresolved questions regarding the effects of Braille-reading experience and the age of onset of blindness. While visual cortical areas are clearly more involved in tactile microspatial processing in the blind than in the sighted, it still remains unclear how to reconcile these tactile processes with the growing literature implicating visual cortical activity in a wide range of cognitive tasks in the blind, including those involving language, or with studies of short-term, reversible visual deprivation in the normally sighted that reveal plastic changes even over periods of hours or days.
Introduction
In this paper, we review studies of cross-modal plasticity resulting from visual deprivation, focussing on whether neural processing of tactile inputs differs from that in the sighted, and whether perceptual capabilities are correspondingly different. Comparable studies focussing on auditory perception and its neural processing have been reviewed recently by others (Collignon et al., 2009) . We attempt to distinguish neuroplasticity in sensory domains from that in cognitive-linguistic domains: this distinction has not always been made clearly. Interpreting cross-modal plasticity in visual cortex of the blind is complicated by the plethora of findings, accumulated over the last decade or so, that have established the existence of task-specific visual cortical recruitment during many tactile tasks in the sightedthis literature is first reviewed briefly to provide a back-
Visual cortical involvement in tactile perception in the sighted
The first report of visual cortical activity during tactile perception in normally sighted individuals was a positron emission tomographic (PET) scanning study from our laboratory (Sathian et al., 1997) . This study employed discrimination of grating orientation, which involves applying gratings of alternating ridges and grooves to the pad of the immobilized finger, and asking subjects to report whether the grating is oriented along or across the long axis of the finger (Van Boven and Johnson, 1994) . Contrasting this task with a control task requiring discrimination of grating groove width yielded activation at a parieto-occipital focus previously shown to be active during visual discrimination of grating orientation (Sergent et al., 1992) and probably located in human visual area V6 (Pitzalis et al., 2006) . We then used transcranial magnetic stimulation (TMS) to show that disrupting processing at this focus impaired tactile discrimination of grating orientation (but not of grating groove width), thereby demonstrating functional involvement of this area in tactile perception (Zangaladze et al., 1999) . Based on these studies, we proposed that visual cortical involvement occurs for "macrogeometric" or large-scale tactile tasks such as grating orientation, but not for "microgeometric" tasks of the order of a few mm. Similarly, a TMS study (Merabet et al., 2004) using dot patterns presented to the finger suggested visual cortical involvement during tactile judgments of inter-dot distance but not roughness. However, a complementary functional magnetic resonance imaging (fMRI) study failed to find correspondingly task-selective visual cortical activation, so that the interpretation of these findings with dot patterns remains uncertain. Others reported that an area involved in perception of visual motion, the MT complex, is also recruited during perception of tactile motion (Hagen et al., 2002; Blake et al., 2004) . Moreover, the tactually perceived direction of motion of a rotating globe can influence its visually perceived direction when the latter is ambiguous James and Blake, 2004) . This suggests that both visual and tactile motion engage a common representation.
The lateral occipital complex (LOC) is a region in the ventral visual pathway that is object-selective (Malach et al., 1995) , and is regarded as the human homolog of macaque inferotemporal cortex (Grill-Spector et al., 1998) . A number of fMRI studies have shown that the LOC is also recruited during haptic object perception (Amedi et al., 2001 (Amedi et al., , 2002 James et al., 2002; Zhang et al., 2004; Stilla and Sathian, 2008) . However, its lack of activation by object-specific sounds, except when people are trained to perceive object shape using "soundscapes" derived by transformation of visual input according to a specific algorithm, suggests that the LOC is specialized for coding object geometry (Amedi et al., 2002 . Further, the LOC seems particularly concerned with macrogeometric object perception, rather than microgeometric perception, since it is not active during gap detection (Stoesz et al., 2003) , and is only minimally active during microspatial discrimination of the direction of offset of the central dot in a linear 3-dot array . The notion of a common neural representation for visual and haptic shape is suggested by the observations that both visual and haptic object perception engage the LOC, and is further supported by many lines of evidence, including psychophysical (Easton et al., 1997a,b; Reales and Balles-teros, 1999) and fMRI (Amedi et al., 2001; James et al., 2002) demonstrations of cross-modal visuo-haptic priming, correlations across subjects in the magnitudes of visually-and haptically-evoked activation in the right LOC , and case reports of patients with damage to the LOC resulting in both visual and haptic agnosia (Feinberg et al., 1986; James et al., 2006) . We have recently shown that cross-modal (visuo-haptic) object recognition is view-independent, in contrast to within-modal object recognition which is view-dependent in both vision and touch (Lacey et al., 2007) . This implies that the underlying modalityindependent representation of object shape is also viewindependent, whereas the modality-specific representations are view-dependent. Moreover, when viewindependence is achieved unimodally in either vision or touch by training, such view-independence transfers automatically to the other modality without further training (Lacey et al., submitted) .
The mechanisms underlying such cross-modal recruitment of visual cortex during tactile perception remain uncertain. One possibility is that visual imagery is responsible. Consistent with this, macrogeometric tasks preferentially involve visual cortical processing (as discussed earlier), and are also more associated with visual imagery (Sathian and Zangaladze, 2001) . It is relevant that the LOC is active during visual imagery of object shape in sighted subjects (De Volder et al., 2001) . Further, the magnitude of shape-selective activity in the right LOC is predicted by ratings of the vividness of visual imagery (Zhang et al., 2004) . However, some have argued against visual imagery as the basis for LOC recruitment during haptic shape perception, favoring instead the idea that such recruitment reflects engagement of a multisensory shape representation (Amedi et al., 2001 (Amedi et al., , 2002 James et al., 2002) . Indeed, as reviewed above, there is substantial evidence to support the idea that vision and touch share a common representation of shape. The imagery explanation would imply that haptic activation of the LOC is achieved via top-down connections from prefrontal and parietal cortex, whereas the multisensory account would require bottom-up projections from somatosensory to visual cortex. Recent work using event-related potentials (ERPs) provides support for bottom-up somatosensory input into the LOC during discrimination of shapes applied to the fingerpad, with the appearance of shape-selective activity in the LOC as early as 150 ms following the onset of tactile stimulation (Lucan et al., 2008) . It is worth noting that finding similar tactually-evoked activation patterns in visual cortex of the sighted and congenital- showing location of CIP activity in normally sighted subjects that was selective for tactile microspatial (offset) discrimination, relative to tactile temporal (stimulus duration) discrimination, and whose activation magnitude in the offset task (relative to rest) predicted tactile acuity threshold. Color scale represents correlation coefficient (r) of this predictive relationship. The negative correlation indicates that greater activation magnitudes were associated with lower thresholds (better acuity). Time-courses of blood oxygenation level-dependent (BOLD) signal at the CIP focus in the spatial and temporal tasks (top) demonstrate spatial selectivity. Time scale is in # of scans (each scan comprised 1.5 s). Based on data in Stilla et al. (2007) . A: anterior; P: posterior.
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ly blind does not necessarily rule out a role for visual imagery in the sighted, as some have argued (e.g. Pietrini et al., 2004 ) -cross-modal plasticity following visual deprivation results in substantially different functional organization of many visual cortical areas, as will be reviewed later in this paper. Indeed, effective connectivity analysis of fMRI data acquired during haptic perception offers evidence for the existence of both bottom-up and top-down connections (Peltier et al., 2007; Deshpande et al., 2008; Stilla et al., 2008a) . Further, the role of visual imagery during haptic object perception appears to depend on object familiarity, being strong for familiar objects drawn from a variety of categories, but less important for unfamiliar objects that are categorically similar (Stilla et al., 2008a) .
Superior tactile perception in the blind
It is commonly believed that blindness is associated with superior tactile perception. However, empirical support for this idea is mixed. Thus, haptic perception of three-dimensional shape has been variously reported to be better in the blind (Heller, 1989a) fected by visual status (Morrongiello et al., 1994) , or better in the sighted (Bailes and Lambert, 1986; Lederman et al., 1990) . Blind Braille readers have been found to be superior to their sighted counterparts on a number of tactile tasks involving two-dimensional stimuli presented to a fingerpad, including perception of Braille-like patterns (Foulke and Warm, 1967) , detecting gaps in or judging the orientation of bar stimuli (Stevens et al., 1996) , discrimination of grating orientation (Van Boven et al., 2000; Goldreich and Kanics, 2003) , and detecting whether or not the central dot in a linear 3-dot array had a spatial offset (Grant et al., 2000) . On other tasks, however, the blind did not differ significantly from the sighted -discriminating bar length (Stevens et al., 1996) or textures (Grant et al., 2000; Heller, 1989b) . In a recent study from our laboratory (Stilla et al., 2008b) , acuity thresholds of blind individuals were comparable to those of the sighted on a purely spatial task requiring discrimination of the direction of offset of the central dot in a 3-dot array. All the other tasks studied previously could potentially have been solved using intensive cues (see Stilla et al., 2008b) , including the grating orientation task, which may be susceptible to anisotropies on the fingerpad evidenced both psychophysically and neurophysiologically (Wheat and Goodwin, 2000) .
The superiority of the blind on some, but not other tactile tasks may be practice-related. Practiced sighted subjects can match the blind on the Optacon (Craig, 1988) , a vibrotactile reading aid for the blind, and on the dot-offset discrimination task (Grant et al., 2000) , and can also achieve the performance of the deaf-blind in decoding speech tactually (Reed et al., 1978 (Reed et al., , 1982 . Interestingly, blind subjects showed no improvement in performance on dot-offset discrimination over a few days of practice, whereas the sighted did (Grant et al., 2000) , suggesting that the blind were already operating at the limits of the system. Although the dot patterns used in this task and certain other tasks mentioned above resemble Braille patterns, Braille reading itself is rather different from these discriminative tasks. In fact, the effect of specific Braille-reading practice on performance of various tactile acuity tasks is unclear: one study reported lower grating orientation discrimination offset duration thresholds on Braille-reading fingers (Van Boven et al., 2000) , another study found that Braille-reading ability was unrelated to grating orientation discrimination performance in the blind (Goldreich and Kanics, 2003) , and our group did not find differences on dot-offset tasks between the Braille-reading hand and its counterpart (Grant et al., 2000; Stilla et al., 2008b) . There is also no definite evidence that visual deprivation during a critical period in early life, compared to that in later life, results in enhanced tactile capabilities, since performance does not appear to differ significantly between the early and late blind (Grant et al., 2000; Goldreich and Kanics, 2003; Stilla et al., 2008b) . Thus, the precise nature of superior tactile perception in the blind remains unresolved in many respects.
Neocortical plasticity following visual deprivation
Following neonatal visual deprivation, rodents show alterations in the whisker barrel representations in somatosensory cortex (Rauschecker et al., 1992; Toldi et al., 1994a) . In blind human Braille readers, the cortical sensory representation of the Braille-reading finger is expanded (Pascual-Leone and Torres, 1993), while those who read Braille with multiple fingers in con-cert mislocalize touch on the reading fingers and exhibit correspondingly disordered cortical somatotopy (Sterr et al., 1998) . Paralleling these somatosensory cortical changes, neonatal visual deprivation also triggers somatosensory responsiveness in extrastriate visual cortex of rats (Toldi et al., 1994b) and monkeys (Hyvärinen et al., 1981) , and occipital cortical areas were found in a PET study to be more metabolically active in early blind individuals than in the late blind or sighted (Veraart et al., 1990) .
Medial occipital cortex, including the anatomic region corresponding to primary visual cortex (V1), was shown by PET scanning to be active in the blind, relative to a rest control, during reading Braille to discriminate words from non-words (Sadato et al., 1996) . Less intense activation was found in this study when blind subjects performed various other non-Braille discrimination tasks that employed stimuli constructed from Braille fields, but not when subjects simply swept the finger over a Braille field, whereas sighted subjects showed decreased activation of these visual cortical areas by the non-Braille discrimination tasks. The same non-Braille discriminative tasks activated ventral occipital cortex but deactivated the region of the second somatosensory cortex (S2) in the blind, with the reverse pattern in sighted subjects (Sadato et al., 1998) . That the observed effects required active finger movement was excluded by an fMRI study involving discrimination of Braille characters presented to the passive finger (Sadato et al., 2002) . Activation of medial occipital cortex by Braille reading (relative to rest) occurs in early blind subjects (Cohen et al., 1999; Sadato et al., 2002) , whereas the late blind and sighted deactivate these regions (Sadato et al., 2002) . In blind subjects, TMS over medial occipital cortex impaired the ability to tactually identify Braille or Roman letters and distorted subjective percepts of the stimuli, whereas in sighted subjects Roman letter identification was unaffected by occipital TMS, but more affected by TMS over contralateral sensorimotor cortex than in the blind (Cohen et al., 1997) . Together with the remarkable findings in an early blind person who developed alexia for Braille with otherwise normal somatosensory perception after a bilateral infarct of occipital cortex , these TMS findings demonstrate functional involvement of visual cortex in Braille reading. Like the corresponding activation studies cited above, the TMS effects were found in early blind but not late blind subjects (Cohen et al., 1999) , pointing to cross-modal plasticity during the critical period of visual system development.
Is visual cortical recruitment in the blind driven by linguistic or sensory processing?
Braille reading involves not only tactile sensory processing but also higher-level cognitive, especially linguistic, operations. In the imaging studies cited in the preceding paragraph, the control condition used was a rest state, without sensory or cognitive demands. These studies thus left open whether sensory, linguistic or other cognitive processes account for the observed differences between blind and sighted populations in visual cortical recruitment. In fact, a PET study of Braille reading controlling for linguistic processes using an auditory word control found that the late blind, but not the early blind, recruited activity in presumptive V1 (Büchel et al., 1998a) . This suggested that visual cortical recruitment might arise from linguistic processing in the early blind, an idea that is supported by a number of studies: A PET study found selective activation for words compared to non-words in a left occipitotemporal region, whether during visual presentations to sighted subjects or Braille presentations to blind subjects (Büchel et al., 1998b) . In a pair of fMRI studies, covert verb generation in response to Braille nouns (Burton et al., 2002a) or heard nouns (Burton et al., 2002b) was shown to yield essentially identical activations in occipital and occipito-temporal visual cortical areas, including V1. TMS over medial occipital cortex is, moreover, disruptive to verb generation performance in the congenitally blind (Amedi et al., 2004) . Visual cortical activation in the early blind is preferentially recruited by semantic relative to phonological processing (Burton et al., 2003) , and the magnitude of fMRI activation scales with both semantic and syntactic complexity (Röder et al., 2002) . The congenitally blind were reported to recruit occipital cortex even during a verbal memory task lacking sensory stimulation, with a preference for posterior occipital regions, including V1 whose activation magnitude correlated with verbal memory performance (Amedi et al., 2003) . It is abundantly clear from this set of studies that visual cortex is recruited for language processing in the blind, but not whether it is also involved in other non-visual sensory functions.
We turn our focus now to the nature of visual cortical involvement in somatosensory processes. Numerous studies employing diverse tactile tasks in the absence of Braille reported that visual cortical activity was greater in blind than sighted individuals. The tasks used included vibrotactile frequency discrimination (Burton et al., 2004) , tactile motion tasks (Goyal et al., 2006; Ric-ciardi et al., 2007) , orientation dsicrimination of electrotactile stimuli to the tongue (Ptito et al., 2005) and haptic object perception (Pietrini et al., 2004) . However, all these studies were limited by the use of rest controls, so that it is impossible to know whether the observed visual cortical activations were due to sensory, linguistic or other cognitive processes. A recent study (Ptito et al., 2008) reported induction of tactile paresthesias in some early blind subjects during TMS over occipital cortex, but the significance of this finding for functional tactile perception is unclear.
To address whether somatosensory processing itself can recruit visual cortical activity, we conducted fMRI studies using the 3-dot task -subjects were required to discriminate the direction of offset of the central dot. This task, as pointed out above, is a purely spatial one and cannot be solved using non-spatial cues. We focussed on activity that was specific for tactile spatial performance, using a temporal control task where the stimulus was an array without spatial offset. In sighted individuals, the spatial task evoked only minimal LOC activity, and no activity elsewhere in visual cortex . Spatially-selective activation in the sighted was mainly in a distributed frontoparietal network, with the magnitude of activation in right posteromedial parietal cortex predicting tactile acuity in individual subjects (tactile tasks were presented to the right hand). This region corresponds to the part of the intraparietal sulcus (IPS) that has been termed CIP (caudal intraparietal area), based on the study of Shikata et al. (2008) . Effective connectivity analysis revealed that the strength of inputs into the CIP region was significantly greater for sighted subjects with better acuity, compared to those with poorer acuity . Furthermore, in subjects with better acuity, the paths whose weights predicted acuity converged from left primary somatosensory cortex (S1) and the right frontal eye field (FEF) into the right CIP. These paths were selective for the spatial task, and their weights also predicted the level of right CIP activity. We proposed that optimal performance of this task in the sighted depends on interaction between somatosensory cortical inputs and a top-down control signal, possibly attentional in nature, in CIP.
A study was conducted in blind individuals (Stilla et al., 2008b) , using exactly the same experimental and control tasks as the study of Stilla et al. (2007) in the sighted. Comparison of the findings of these studies showed that many aspects of the activity and effective connectivity during tactile microspatial discrimination differed between the blind and sighted, with some of the key differences being in visual cortex. Both hands were studied in the blind subjects, but differences in activation resulting from stimulation of the two hands were minor. The spatially-selective network in blind subjects included some frontoparietal regions also similarly selective in the sighted, and visual cortical areas that showed little to no activity in the sighted. These included the right LOC, bilateral foci in the fusiform gyrus (FG), and a region on the right corresponding approximately to the retinotopically mapped region known as V3A. Thus, this study (Stilla et al., 2008b) establishes clearly that tactile microspatial processing specifically engages parts of visual cortex in the blind, whereas the same task is associated with little to no visual cortical activity in the sighted . Further, visual cortical regions were significantly involved in connectivity in the blind, interacting with one another as well as with somatosensory cortex (Stilla et al., 2008b) .
Acuity thresholds were predicted in the blind by activation magnitudes in left S1 and bilateral visual cortex (Stilla et al., 2008b) . Some of the visual cortical foci were in what is normally retinotopic visual cortex: in right V1/V2 and left V3A; whereas others lay more inferiorly in what is normally object-selective cortex: in the right LOC, left posterior fusiform gyrus (FG) and left inferotemporal cortex (ITC). Most of these foci showed some degree of spatial selectivity. Acuity thresholds were also predicted by the weights of projections from the left FEF to the left CIP, and from left S1 to the right LOC. Together with the differing locations of regions whose activation magnitude predicted acuity threshold, these findings indicate that optimal tactile spatial discrimination engages a rather different network in the blind compared to the sighted. In contrast to the sighted (see above), the blind seem to depend on a more distributed network involving left somatosensory cortex and a complex of visual cortical areas in both hemispheres, including some areas that in the sighted are known to be retinotopically mapped, and others that are object-selective. The interaction between somatosensory and visual cortex appears to be pivotal, since one of the paths predicting acuity linked left S1 and right LOC, both of which had activation magnitudes that also predicted acuity (Stilla et al., 2008b) .
A widely distributed set of somatosensory, visual, posterior parietal and frontal cortical regions exhibited greater spatial selectivity in early blind compared to late blind participants (Stilla et al., 2008b) . Among these regions, activation magnitudes in right S1, right FEF and right CIP, along with the weight of a path from the right LOC to right medial occipital cortex (this region corresponds to V1 and the dorsal part of V2) predicted the age of complete blindness. Thus, the timing of visual deprivation is an important factor in determining the extent of tactually-evoked activity in somatosensory cortex and frontoparietal regions (it is interesting that the right FEF and right CIP both featured prominently in the acuity-correlated circuitry in the sighted), as well as the strength of tactually-related effective connectivity between visual cortical regions. Presumably, this reflects interaction between visual deprivation and critical periods of developmental maturation of the visual system. As in the case of perceptual performance, the impact on neocortical reorganization of other factors such as the severity of visual impairment, duration of blindness and amount of Braille-reading experience, remain to be resolved.
Despite these findings (Stilla et al., 2008b) demonstrating more visual cortical involvement in tactile microspatial processing in the blind than in the sighted, it still remains unclear how to reconcile the somatosensory function of visual cortex in the blind with the growing literature implicating visual cortical activity in a wide range of cognitive tasks in the blind. Such tasks include those that involve linguistic processing, as reviewed above, as well as a variety of tasks where attention appears to be the primary demand (Alho et al., 1993; Garg et al., 2007; Kujala et al., 1992 Kujala et al., , 1995 Kujala et al., , 2005 Röder et al., 1996; Stevens et al., 2007; Weaver and Stevens, 2007) . Moreover, auditory processing also recruits visual cortex in the blind (Collignon et al., 2009) . The extent to which these different types of processing engage distinct areas of visual cortex remains to be ascertained. The report of Amedi et al. (2003) suggests that there may be functional specialization within visual cortex in the blind, since Braille reading recruited the LOC while verbal memory recruited the region of V1. This idea merits further investigation.
Effect of short-term visual deprivation
A few studies have explored the consequences of short-term visual deprivation of normally sighted subjects. Blindfolding subjects for 90 minutes resulted in reversible improvement of discrimination of grating orientation (Facchini and Aglioti, 2003) , of similar magnitude to that reported in the blind. The excitability of visual cortex is enhanced by blindfolding over a similar time frame, as demonstrated by TMS and fMRI (Boroojerdi et al., 2000) . Intriguingly, such short-term blindfolding actually led to deactivations during tactile form discrimination as well as gap detection in visual cortical regions approximately corresponding to V3A and V7, along with task-specific increases in activation for the form relative to the gap task along the IPS and in frontotemporal cortex (Weisser et al., 2005) . Blindfolding for five days improved the ability to discriminate Braille characters (Kauffman et al., 2002; Merabet et al., 2008) , without any changes on grating orientation discrimination or von Frey thresholds (Merabet et al., 2008) . Correspondingly, neuroimaging revealed the appearance of responsiveness to tactile stimulation (compared to a rest control) in occipital cortex, and TMS became able to disrupt Braille reading performance. These findings mimic those reported in the blind, were absent in control sighted subjects who were not visually deprived, and reverted to normal within 24 hours after removing the blindfold (Merabet et al., 2008) . They suggest that cross-modal activation of visual cortex does not necessarily require the formation of new connections, but could work through unmasking of pre-existing connectivity. However, at the present juncture, it is not yet possible to integrate the effects of blindfolding for a few days (Merabet et al., 2008) with those of blindfolding for just two hours (Facchini and Aglioti, 2003; Weisser et al., 2005) , in part because of the variety of tasks used. Further research is necessary to address the temporal evolution of cross-modal plasticity following visual deprivation.
Conclusions
Normally sighted subjects regularly show taskspecific recruitment of visual cortex during tactile perception, and greater involvement of early visual cortical areas following a few days of reversible visual deprivation. The blind appear to be better than the sighted on certain tactile tasks, perhaps as a result of their specific tactile experience, but many of these tasks potentially involve non-spatial cues, and the impact of early versus late blindness, and of Braille-reading experience, remain uncertain. It is now clear that visual cortical areas are recruited during tactile spatial perception in the blind, as well as during a variety of other tasks including linguistic ones. Future research should focus on delineating the extent of functional specialization within visual cortex in the blind and relating such longterm cross-modal plasticity to its temporal evolution, its perceptual consequences and the influence of modulatory factors such as specific types of sensorimotor experience.
